Alkaline anion-exchange membranes (AAEMs) are being developed for metal-cationfree solid alkaline fuel cells. Reduced solvent uptakes were observed after immersion in methanol, ethanol and ethylene glycol relative to a Nafion ethanol than with methanol (consequent on lower permeability to ethanol), but were lower with ethylene glycol. Promisingly, and contrary to Nafion equivalents, peak power densities were not reduced when C 2 alcohols (C-C bond containing) replaced methanol.
Introduction
Traditionally, polymer electrolyte fuel cells have incorporated proton-exchange membranes (PEMs) such as Nafion ® produced by Du Pont (Fig. 1a) . However, alkaline anion-exchange membranes (AAEMs) are being developed for application in hydrogenand alcohol-fuelled metal-cation-free alkaline polymer electrolyte fuel cells ( Figure   1b ): an alkaline ionomer replaces aqueous potassium hydroxide, the electrolyte in traditional alkaline fuel cells (AFCs) [1] . Conductivities of > 0.03 S cm -1 at 30°C have been observed for fully-hydrated radiation-grafted-type AAEMs [2] , contrary to the previous wisdom that the conductivities of AAEMs were too low for successful application in fuel cells. When operated in metal-cation-free mode, an AAEM performed for > 230 h in methanol/air fuel cell with minimal performance loss (< 100
µV h -1 ) [3] ; the performances of traditional AFCs (aqueous KOH -mobile metal cations present result in the formation of metal carbonate precipitates) collapse to unacceptable levels after only a few hours when operated in methanol/air mode.
The principle, and widely touted, advantage of using alkaline ionomers in fuel cells, rather than the traditional acidic PEMs, is the potential use of non-Pt catalysts in the electrodes [4, 5] . A recent combined study involving in situ a.c. electrochemical impedance spectroscopy and d.c. fuel cell testing has demonstrated that cathodes containing Ag/C (4 mg Ag cm geo -2 ) perform as well as those containing Pt/C (0.5 mg Pt cm geo -2 ) [6] . Furthermore, this study demonstrated that the major limiter of power performance was the restricted mass-transport of water to the cathode catalyst sites:
water is now a stoichiometric reactant (H 2 O(g/l) + ½O 2 (g) + 2e
-2OH -(membrane) -see Fig. 1b ). This inherent disadvantage can be offset with the use of thin AAEMs, which facilitate back-transport of water that has been electro-generated at the anode (i.e.
. Despite this, power densities at 50°C of > 120 mW cm -2 can be achieved in H 2 /O 2 fuel cell tests with thin (51 µm) AAEMs [7] .
The aim of this study is to evaluate the alcohol permeabilities of AAEMs, in order to assess their suitability for application in direct alcohol fuel cells (DAFCs). Low permeabilities are mandatory because thin AAEMs are necessary for minimised ionomer resistances and maximised water transport to the cathode catalyst sites. Initial indications, from a fuel cell study of a commercial AAEM (Morgane ® ADP, Solvay S.A., Belgium), suggest AAEMs exhibit reduced methanol permeability compared to Nafion [8] . Liquid methanol [9, 10] and ethylene glycol [4, 11] [12] . Ethanol (8.0 kW h dm -3 ) was also selected for evaluation in this study as it is a representative carbon-neutral biofuel.
Experimental
Two AAEMs were selected from a previous investigation (AAEM-E and AAEM-C in reference [2] ) for evaluation in this study alongside Nafion-115 (benchmark); membrane pre-treatment procedures were unaltered. A selection of relevant physical properties for these polymer electrolytes is presented in The solvent uptake related properties at room temperature were evaluated as follows.
The gravimetric solvent uptakes, SU, were determined using:
where m S is the mass of the ionomers after submersion in each undiluted solvent (water, methanol, ethanol, ethylene glycol) for 1 week and m dry is the mass of the solvent free ionomer that was dried for 7 days in a desiccator over anhydrous CaCl 2 (s) (relative humidity RH = 0%) prior to immersion in the solvents. The thicknesses of the membranes when dry and when solvent swollen were recorded with an outside micrometer (2 µm precision); these values are used to indicate the degree of swelling.
The solvent contents (molecules of solvent per OH -anion) were evaluated using:
where SU(%) is the solvent uptake defined above, IEC dry is the ion-exchange capacity of
, and MW S is the relative molecular mass of the particular solvent used.
The alcohol permeabilities at 20 ± 2°C were evaluated using the methodology described by Nasef et al. [13] . In summary, the ionomer was clamped between two chambers of a permeation cell (the set-up used was identical to that described in Figure 3 of reference [14] ) so that 4.9 cm 2 areas of each side of the membrane (that were directly aligned) for determination of the alcohol concentrations in these permeate samples. The permeability was calculated as follows [13] :
where P / cm 2 s -1 is the alcohol permeability (= D x K where D is the alcohol diffusivity and K is the partition coefficient), is the slope of C B vs. time plot, t is the ionomer thickness and A is the area of ionomer exposed to the solutions.
Each membrane was studied at 50°C in a DAFC fuelled with each alcohol using an ). The electrode treatment and membrane electrode assembly (MEA) fabrication procedures and fuel cell testing protocols were as previously described [6] . The anodes were supplied with pre-heated (50°C) aqueous alcohol solutions (2 mol dm -3 , 10 cm 3 min -1 , stoic = 7.8 at i = 1 A cm -2 ).
The cathodes were supplied with flowing oxygen (50°C, RH = 100%, 2 dm 
Results and Discussion

Alcohol uptakes and permeabilities
The solvent uptake properties of the membranes are presented in Fig. 2(a-c) . It is evident that the AAEMs exhibit a lower affinity towards methanol, ethanol and ethylene glycol than Nafion-115; this is most notable for methanol. Whereas the number of alcohol molecules per exchange group ( ) are significantly lower compared to water for the AAEMs, this is not the case for the combination of PEM and methanol; this high affinity towards methanol explains the undesirably high level of methanol crossover that has been observed in fuel cell tests with this PEM. Nafion shows a substantially lowered E (ethanol) compared to M , (methanol) as does AAEM-C; AAEM-E shows similar 's with all three alcohols (within experimental precision). As previously reported [2] , the water content of AAEM-C is restricted compared to AAEM-E and to Nafion, due to the presence of additional cross-linking.
Nafion exhibits a higher degree of swelling compared to the AAEMs for most solvents.
The thickness increases, t inc = 100% x (t s -t dry ) / t dry , with methanol are 47% for Nafion, 20% for AAEM-C and 27% for AAEM-E; the corresponding values for ethanol are 49%, 22% and 30% respectively. It has been previously reported that Nafion swells to a larger extent in ethanol than methanol, as measured by gravimetric solvent uptake experiments [15, 16] , and that this is the primary cause of extensive delamination of Nafion-based MEAs in direct ethanol fuel cells. The ex situ results in this study, with undiluted alcohols, suggest that there is only a small increase in swelling with ethanol for Nafion-115 compared to the case with methanol; however, increases in thickness do not represent a complete picture of the swelling behaviour of Nafion as swelling can occur parallel to the electrodes (i.e. dimensional changes in the ionomer area), which can lead to considerable mechanical stresses within the MEA. The situation with ethylene glycol is not so clear cut, particularly in view of the low swelling of Nafion in this solvent (t inc = 26, 20 and 35% for Nafion-115, AAEM-C and AAEM-E respectively). It was observed that white translucent regions form when Nafion is immersed in ethylene glycol; this could indicate that highly viscous ethylene glycol affects morphology / microstructure of that PEM. Figure 3 presents the ex situ alcohol permeabilities for the polymer electrolyte membranes. The low alcohol contents for the AAEMs reported above have directly translated into desirably lower alcohol permeabilities compared to Nafion. P M = (1.9 ± 0.9) x 10 6 cm 2 s -1 recorded for Nafion agrees with the value of (1.8 ± 0.1) x 10 6 cm 2 s -1 previously reported by Holdcroft et al. for Nafion-117 [17] . The ethanol permeabilities are lower than the methanol permeabilities for all membranes. Previous studies in the literature report lower ethanol permeabilities compared to methanol for Nafion [16, 18] (despite the higher levels of dimensional, particularly area, swelling as discussed above); the issue of whether ethanol crossover has a more or a less pronounced effect on the cathode potential is still subject to debate [16, 19] .
It is important to appreciate that the permeabilities measured in this study are ex situ. Fig. 1 shows the fundamental change in the direction of ionic conduction on replacement of the PEM with an AAEM. With a PEM the proton-conduction is in the same direction as alcohol crossover (i.e. electro-osmotic drag exacerbates alcohol crossover), but with an AAEM the two processes oppose; hence significantly reduced fuel crossover can be anticipated (especially at higher current densities). However, ex situ measurements are still valid as most fuel cell performance losses due to fuel crossover occur at low current densities, where the concentration of alcohol at the anode side of the ionomer is highest (i.e. where the concentration of alcohol in the catalyst layers adjacent to the electrolyte membrane has not been depleted due to significant rates of alcohol oxidation).
DAFC performance tests
The DAFC performance curves for each membrane fuelled with each alcohol are presented in Fig. 4(a-c) . The performance parameter affected the most by in situ alcohol crossover through the MEA is the open circuit voltage (V OCV / V) and these values are presented in Table 2 . Enhanced fuel crossover generally leads to a lowering of V OCV .
Caution is required though when comparing different systems: for example, differences between oxygen reduction on Pt in alkali and in acid (i.e. differences in electrokinetic parameters such as exchange current density) and varying levels of catalyst poisoning, from the diverse range of reaction intermediates and products formed when using different fuels, can both have a marked effect on V OCV . Methanol is a C 1 alcohol, whilst ethanol and ethylene glycol are C 2 alcohols with C-C bonds to break. Adsorbed carbon monoxide, CO ads , is a major intermediate in the mechanism of the methanol oxidation reaction (MOR) [20, 21] , whilst additional species such as acetaldehyde and acetic acid are generated in the ethanol electro-oxidation reaction (EOR) [22, 23] ; an extended range of potentially poisoning intermediates, such as glycolic and oxalic acids, are generated in the ethylene glycol oxidation reaction (EGOR) [24] [25] [26] .
AAEM-C (same hydrated thickness as Nafion-115) exhibits superior V OCV 's to Nafion for all fuels; this relates well to the permeability data above. The thinner AAEM-E shows inferior V OCV 's to Nafion will all fuels; however, considering that the thickness has been halved (increased absolute crossover levels), these values are still better than expected. It is also evident from Table 2 that the reduced ethanol permeability compared to methanol that was observed for the AAEMs correlates well with the improved V OCV 's observed. However, despite the reduced ethanol permeability compared to methanol for Nafion, the V OCV is lower with the latter fuel; this is indicative of either amplified catalyst poisoning, from the presence of EOR intermediates, or poor EOR kinetics when in an acidic environment. The V OCV 's were consistently lower with ethylene glycol than with the other two fuels for all membranes (despite the lower ethylene glycol permeabilities compared to methanol); this is not surprising when considering the complexity, and the number of potentially poisoning intermediates, of the EGOR.
Notwithstanding this, the V OCV 's for the AAEMs with ethylene glycol compared well with the value obtained for Nafion; this is in line with the previous reports of electrokinetically facile EGOR in high pH media [12] .
The poor DAFC power densities produced with the AAEMs are evident in Figure 4 and Table 2 . The current hypothesis is that a major contributor to these low performances is the poor reactant mass transport characteristics of the employed electrodes (as discussed in detail in reference [6] ); no electrode architecture is currently available that has been specifically tailored/optimised for use in solid-state AAEM-based alkaline fuel cells. 
